Background {#Sec1}
==========

Despite originally being described as chemically inert, noble gases including xenon, argon and helium have been repeatedly demonstrated to exhibit remarkable biological properties. In 1939, Behnke and Yarbrough observed narcotic effects of argon in humans at pressures from 4 to 10 atm \[[@CR1]\]. In 1946, Lawrence reported anaesthetic properties of normobaric xenon in mice \[[@CR2]\]. The first use of xenon for anaesthesia in humans was performed by Cullen and Gross in 1951 \[[@CR2],[@CR3]\]. However, only the development of closed-circuit anaesthesia machines in the 1990s has made xenon available to a broader spectrum of patients. Xenon is described as having many of the characteristics of an ideal inhalational anaesthetic agent. It is non-flammable, non-explosive, non-toxic, devoid of teratogenic effects and does not contribute to the greenhouse effect. Due to the lowest blood/gas partition coefficient of all known anaesthetics, xenon provides rapid induction and emergence from anaesthesia. Moreover, xenon affects haemodynamics, myocardial performance and the neurohumoral system less than other anaesthetic agents \[[@CR4]\].

Since the 're-introduction' of xenon into clinical anaesthesia by Lachmann and colleagues in 1990 \[[@CR5]\], xenon has been repeatedly demonstrated in experimental and clinical studies to produce only minimal haemodynamic side effects when compared to volatile or intravenous anaesthetics, even when used in heart failure conditions \[[@CR6]-[@CR9]\]. This inert haemodynamic profile may be owing to the fact that xenon anaesthesia is associated with significantly less sympathicolysis than known from other anaesthetics \[[@CR10]\]. Meanwhile, these initial observations could be confirmed in two European multi-centre randomised controlled trials in which xenon was compared to isoflurane and found to slightly decrease heart rate and to preserve or moderately increase arterial pressures \[[@CR11],[@CR12]\]. Moreover, recent evidence indicates that - in contrast to the majority of conventionally used general anaesthetics - xenon is virtually devoid of negative inotropic effects \[[@CR12]-[@CR15]\]. Furthermore, and adding to the culminating evidence that noble gases exert organ-protective effects in various conditions, xenon was found to induce both early and late pharmacological preconditioning in experimental models of myocardial ischemia \[[@CR16]\].

Several clinical trials have been specifically performed in patients at increased cardiovascular risk or during cardiac surgery \[[@CR17]-[@CR20]\]. In this high-risk group, xenon anaesthesia was devoid of negative haemodynamic side effects, but instead showed a preservation of pre-anaesthetic haemodynamic parameters during the procedure.

The effects of xenon on right ventricular afterload are controversial. One study reported an increase in pulmonary arterial elastance in pigs that received xenon in addition to a baseline anaesthesia with pentobarbital and fentanyl \[[@CR21]\]. In contrast, other investigators described xenon as not affecting pulmonary vascular resistance (PVR) in pigs \[[@CR22]\]. Accordingly, Goto observed no changes in PVR in patients undergoing xenon anaesthesia \[[@CR23]\]. Likewise, Bedi and co-workers found PVR did not change in critically ill patients who were sedated with xenon during their stay in the intensive care unit \[[@CR24]\]. Our group also did not observe any effects of xenon on PVR in patients undergoing open-heart surgery \[[@CR25]\].

From the present literature, there is hence no hint for a safety risk of xenon in patients with cardiac co-morbidity.

Apart from its beneficial effects on the cardiovascular system, xenon has been repeatedly demonstrated to offer neuroprotection in various animal models and models of neuronal injury, including neuronal ischemia, hypoxia, traumatic brain injury, neonatal asphyxia, cardiopulmonary bypass-associated neuronal injury and postoperative cognitive dysfunction (POCD) \[[@CR26]-[@CR33]\].

Xenon-mediated neuroprotection could be of particular interest in paediatric anaesthesia because epidemiologic studies have recently documented a correlation between anaesthetic exposure at a young age and subsequent learning difficulties and specific neurologic deficits \[[@CR34]-[@CR37]\]. Of note, xenon has been demonstrated to attenuate isoflurane-induced neuro-degeneration in rats \[[@CR38],[@CR39]\]. In paediatric anaesthesia, exposure to sevoflurane is a well-known risk factor for the occurrence of emergence delirium after general anaesthesia in preschool children. Emergence delirium occurs in up to 80% of the anaesthetized children, has been associated with a prolonged stay in the postoperative care unit, can result in self-injury and has been linked to maladaptive behavioural changes during the late post-operative period. As the addition of xenon helps to reduce the sevoflurane concentrations and as the mechanism of anaesthesia of xenon is fundamentally different from that of sevoflurane, the incidence of emergence delirium could therefore be reduced \[[@CR40]\].

The efficacy and safety of xenon for general anaesthesia has been repeatedly demonstrated in clinical trials, resulting in the medicolegal approval by the European Medicines Agency (EMA) in 2007.

Unfortunately, xenon has not been approved yet as an anaesthetic for children 0 to 18 years of age, most probably due to a paucity of clinical data that are required for a marketing approval. Up to now, there is no indication that xenon is associated with detrimental effects in children. In contrast, there is increasing evidence that xenon is also remarkably safe in the neonatal/paediatric population. Numerous studies have proven that xenon offers long-term functional and histopathologic neuroprotection in rodents after neonatal hypoxia/ischemia \[[@CR26]-[@CR28]\]. Also, in asphyxiated new-born pigs, xenon enhances hypothermic neuroprotection and offers stable haemodynamics \[[@CR41],[@CR42]\]. Based on these animal data, two clinical trials are currently recruiting human neonates in the UK: one in which the effect of inhaled xenon (combined with therapeutic hypothermia) is evaluated in new-born infants with hypoxic-ischaemic encephalopathy (NCT01545271) and a second trial assessing whether following perinatal asphyxia, a combination therapy of inhaled xenon and hypothermia can preserve cerebral metabolism and structure (NCT00934700).

Up to now, the minimum alveolar concentration (MAC) of xenon required to produce anaesthesia in children is unknown. In adults, the MAC of xenon has been determined to be 63% \[[@CR43]\]. It has to be assumed that - in accordance with other volatile or gaseous anaesthetics - the MAC of xenon in children is higher than in adults. Given a minimum requirement of 30% inhaled oxygen in ventilated patients, xenon mono-anaesthesia will be difficult to achieve in the paediatric population. Hence, xenon administration to children probably will have to be performed with sub-anaesthetic doses that will be applied in adjunction to the established anaesthetic sevoflurane. Such a strategy is associated with several advantages:

It has been repeatedly demonstrated that xenon interacts additively with other anaesthetics, which allows a significant dose reduction of the anaesthetics to which xenon is added and results in less haemodynamic compromise \[[@CR44],[@CR45]\]. Further, in the majority of animal experiments, xenon has been demonstrated to exert its cardio- and neuroprotective effects already in sub-anaesthetic concentrations \[0.25-0.5 MAC\], suggesting that organ protection can be achieved independently from anaesthetic effects. In rats, it has been shown that the combination of xenon and sevoflurane preconditioning induces long-term neuroprotection in neonatal asphyxia \[[@CR46]\]. Due to the scarcity of xenon (air contains only 87 ppb xenon), xenon anaesthesia is extremely costly. The combination of xenon with sevoflurane may be suited to reduce xenon consumption and associated costs without compromising xenon's organ protective effects.

Aims of the study {#Sec2}
-----------------

We hypothesise that combining sevoflurane anaesthesia with 50% xenon will be safe and feasible. Testing children undergoing cardiac catheterization (in which surgical trauma and inflammation is nearly absent) will also allow to study neuro-cognitive effects of anaesthetics independently from those induced by surgery.

Methods/Design {#Sec3}
==============

Design of the study {#Sec4}
-------------------

This phase II study is a mono-centre, prospective, single-blind, randomised and controlled trial.

The study will be performed according to the principles of the international declaration of Helsinki and to the principles of good clinical practice (GCP) and is approved by the ethics committee of the University Hospitals Leuven (S56902, 17 September 2014), by the Clinical Trials Centre of the University Hospital Leuven, and by the 'Federaal Agentschap voor Geneesmiddelen en Gezondheidsproducten'. The study is registered in the European Clinical Trials Database of the European Medicines Agency (EudraCT Identifier: 2014-002510-23). Any eventual changes of the study protocol will be reported to the ethics committee.

Randomisation is being used to minimize selection bias. Patients will be randomised using a computer-generated permuted block randomisation sequence. Randomisation will be stratified by age (Stratum I: age 4 to 7 years; Stratum II: 8 to 12 years).

Concealment bias will be avoided by a masked randomisation procedure in which group assignments are ensured in sealed, opaque, sequentially numbered envelopes, which are opened only after the arrival of the patient in the catheterization room.

Due to the kind of intervention (administration of one or two anaesthetics via vapour and monitoring of xenon concentrations), the study has to be performed single-blind. The study will however be conducted by two investigator types: study enrolment and the post-anaesthesia follow-up will be performed by Investigator I who is (similarly to the patient) blinded to the study treatment, and Investigator II will only perform the general anaesthesia and will be, therefore, necessarily unblinded to the treatment conditions.

Objectives {#Sec5}
----------

The primary objective of this study is to evaluate the safety and the feasibility of xenon anaesthesia in children. The safety will be assessed by the incidence of intraoperative adverse events (heart rate: \>20% change from baseline; blood pressure: \>20% change from baseline; requirements of vasopressors, inotropes and chronotropes). Moreover, we will compare average heart rate and blood pressure between both groups and also determine the average deviation of these parameters from baseline. The feasibility will be tested by intraoperative monitoring of depth of anaesthesia (physiologic signs plus bispectral index (BIS)) and by the intraoperative respiratory profile (as continuously measured by pulse oximetry and capnography).

Secondary endpoints of this study are as follow:Invasive haemodynamic data, including intra-cardiac, systemic and pulmonary vascular pressures that are routinely measured during these procedures by the interventional cardiologist, after induction of anaesthesia and at the end of the procedureIntraoperative fluid balance.Intraoperative xenon/sevoflurane consumption.Perioperative release of serum protein 100 β (S100 β) and interleukin (IL) 6.Recovery times (measured from the stop of study treatment inhalation): time to open eyes, time to follow commands, time to extubation, time to (modified) Aldrete score ≥9 \[[@CR47],[@CR48]\].Incidence of emergence delirium as assessed with the 'Paediatric Anaesthesia Emergence Delirium Scale' \[[@CR49]\] and the 'Four-point Agitation Scale' \[[@CR47],[@CR50]\].Incidence of post-operative nausea (PON) as assessed by a visual analogue score (VAS) in the post-anaesthesia care unit (PACU) and 12 to 24 h postoperatively. PON is defined as an unpleasant sensation associated with awareness of an urge to vomit \[[@CR51]\]. The presence of nausea symptoms will be determined either by spontaneous reporting or by a direct inquiry made by the investigator ever 15 minutes throughout the PACU stay. The VAS nausea ranges from no nausea (score of 0) to extreme nausea (score of 100).Incidence of post-operative vomiting (POV) in the post-anaesthesia care unit (PACU) and 12 to 24 h postoperatively. An emetic episode is defined as a single or continuing occurrence of vomiting or retching. Distinct episodes are defined by an interval of respite of more than 1 minute.The duration of post-anaesthesia care unit and hospital stay.Neuro-cognitive testing, 1 to 2 h and 12 to 24 h postoperatively (for details, see below).Longitudinal follow-up of cognitive function after 1 year.Incidence of (serious) adverse events ((S)AE) at any time point.

Inclusion and exclusion criteria {#Sec6}
--------------------------------

The criteria for inclusion are children aged 4 to 12 years, who are scheduled for elective diagnostic or interventional cardiac catheterization under general anaesthesia and who are willing, along with their parents, to complete the requirements of this study, including the signature of the written informed consent.

The criteria for exclusion are cyanotic congenital heart defects possibly requiring a FiO2 of \>40% during the procedure; high-risk and complex interventional procedures (as defined by the paediatric cardiologist); psychomotoric retardation (defined as the non-achievement of age-specific developmental milestones); or lack of informed consent from the subjects parents.

Number of patients {#Sec7}
------------------

A total of 40 children, 20 randomised in each of the two study groups, will be enrolled into this study.

This trial is planned as a pilot study to assess the safety and feasibility of xenon as an adjuvant to sevoflurane anaesthesia in children. A sample size calculation cannot be performed as required data are not available in literature. Given our experience with xenon trials in adults, a number of 40 patients should be sufficient to detect a statistically significant difference in safety and feasibility criteria \[[@CR25]\].

Investigational plan and treatments {#Sec8}
-----------------------------------

Eligible patients will be randomly assigned to one of the two study groups. In group A, general anaesthesia will be maintained with xenon 50% in oxygen (FiO~2~ = 0.25 to 0.4) as an adjuvant to sevoflurane anaesthesia. In group B, general anaesthesia will be maintained with sevoflurane anaesthesia alone (FiO~2~ = 0.25 to 0.4). In both groups, sevoflurane end-tidal concentrations will be titrated according to the instantaneously registered EEG-monitoring in order to achieve a BIS-value between 40 and 60.

Measurements and observations {#Sec9}
-----------------------------

See Figure [1](#Fig1){ref-type="fig"}.Figure 1**Study visits.** ANT, Amsterdam Neuropsychological Tasks (ANT) battery; BIS, Bispectral index monitoring; PACU, Post-anaesthesia Care Unit; PONV, Postoperative nausea and vomiting; WPPSI, Wechsler Preschool and Primary Scale of Intelligence (\>6y); WSCI, Wechsler Intelligence Scale for Children (\<6y).

Visit 0 (Investigator I) {#Sec10}
------------------------

### Recruitment {#Sec11}

Patients will be recruited by investigator I. Detailed information about the study background and the protocol will be given to the patients' parents, and any possible questions brought forward by the parents will be answered. Parents of eligible children who agree to allow their child to participate in the study will sign a written informed consent before any specific study procedure will be initiated.

### Pre-anaesthetic assessment {#Sec12}

After obtaining the written informed consent, the investigator will evaluate and record baseline data (demographic data, medical and surgical history, and routine clinical examination) and perform baseline cognitive testing.

Cognitive function will be assessed by a selection of tests of the computerized Amsterdam Neuropsychological Tasks (ANT) battery designed for this study \[[@CR52],[@CR53]\]. We will test simple motor reaction time, focused and divided attention, inhibitory control and cognitive flexibility and motor coordination. Parallel versions of the different ANT subtests will be used to minimize retest effects. The main advantage of the ANT is the combination of reaction time measurements and accuracy (error rate), which not only contributes to the sensitivity to detect problems in these neuro-cognitive domains but also can clarify whether the patient group predominantly suffers from deficits in processing speed, overall performance or a combination of both.

The outcomes of ANT will be adjusted to the general intellectual performance, registered by the assessment of the short version of the Wechsler Preschool and Primary Scale of Intelligence-III (WPPSI-III) for children younger than 6 years, and the Wechsler Intelligence Scale for Children (WISC-III) for patients between 6 and 16 years \[[@CR54],[@CR55]\]. To complete the assessment of the baseline cognitive function, one of the parents will also be asked to complete two questionnaires at the first visit.

The first is a standardized questionnaire (120 items) for examining behavioural problems and competencies of children aged 4/6 to 18 (Child Behaviour Checklist (CBCL) 1½ -5 and 6--18 \[[@CR56]\]). Internationally, this questionnaire is among the most used questionnaires and has been evaluated as adequate by the COTAN ('Commissie Testaangelegenheden Nederland') on all criteria \[[@CR57]\].

This second questionnaire assesses executive functions of children by reports of parent (Behavioural Rating Inventory of Executive Functions (BRIEF)) \[[@CR57]\]. It consists of eight subscales: inhibition, cognitive flexibility, regulation of emotions, taking initiative, working memory, planning and organising, orderliness, and monitoring of behaviour.

Visit 1 (Investigator II) {#Sec13}
-------------------------

### General anaesthesia for cardiac catheterization {#Sec14}

Patients must be in a fasting state for 6 h prior to anaesthesia. The children will not be premedicated with benzodiazepines, in order to avoid the well-known short-term impairment of cognitive function lasting for 48 h after midazolam premedication \[[@CR58]\]. For non-pharmacological anxiolysis, parents will be encouraged to accompany their children until the induction of anaesthesia.

Patients will be continuously monitored and the following parameters will be recorded every 5 min from the pre-anaesthetic period to the end of the surgical procedure: arterial oxygen saturation (SaO~2~), non-invasive blood pressure (NIBP; systolic and diastolic blood pressure and mean arterial pressure), heart rate, FiO~2~, end-tidal O~2~ and CO~2~, temperature and BIS. Intra-cardiac, systemic and pulmonary vascular pressures will be measured twice during these procedures by the interventional cardiologist: after induction of anaesthesia and at the end of the procedure. At the same time points, 2 ml of blood will be obtained from the central venous sheet (*in situ* for the interventional procedure). After centrifugation this blood will be stored at −80°C for later determination of S100 β and IL-6.

### Induction of anaesthesia {#Sec15}

After a 2 min pre-oxygenation period (FiO2 = 1.0), general anaesthesia will be induced with a combination of: propofol 3 mg/kg IV as a bolus, fentanyl 2 μg/kg IV as a bolus and rocuronium 0.3 mg/kg IV as a bolus. Dexamethasone 0.15 mg/kg as a bolus IV will be given as a standard for PONV-prophylaxis.

If, in an exceptional case, an intravenous line is not available prior to induction, induction of anaesthesia will be performed by inhalation of sevoflurane.

### Maintenance of anaesthesia {#Sec16}

The administration of xenon 50% in oxygen (FiO2 = 0.25 to 0.4) as an adjuvant to sevoflurane anaesthesia (Group A) or sevoflurane anaesthesia alone (FiO2 = 0.25 to 0.4) (Group B) will be started once the patient has been intubated.

In both groups, sevoflurane end-tidal concentrations will be titrated according to the instantaneously registered EEG-monitoring in order to achieve a BIS-value between 40 and 60.

The investigational treatment will be administered until the end of the procedure. Then the application of xenon and sevoflurane will be stopped. Patients of both groups will be transferred when awake to the PACU.

### Haemodynamic and ventilator management {#Sec17}

Intraoperative haemodynamic management will be standardized according to our clinical routine. Systolic blood pressure and heart rate will be maintained within a 20% range of the baseline value. Deviations from this corridor will be treated by the administration of appropriate vasoactive and/or chronotropic medication. Ventilation will be adjusted to maintain end-tidal CO~2~ levels that reflect preoperative levels in these children.

### Duration of treatment per patient {#Sec18}

The duration of the treatment will be determined by the time from induction of anaesthesia until the end of the procedure. The average estimated time is 1 to 2 hours.

Visit 2 (Investigator I): Post -anaesthesia study visit {#Sec19}
-------------------------------------------------------

This visit will be performed during the first 1 to 2 h after cardiac catheterization on the post-anaesthesia care unit (PACU). The following parameters will be assessed: routine clinical examination, including the assessment of heart rate and blood pressure; electrocardiogram; assessment of PON and POV; Aldrete score; and the incidence of emergence delirium.

If a patient with a VAS \>20 complains of nausea, ondansetron 0.1 mg/kg will be administered immediately as a rescue medication.

Rescue medication for POV will be offered once the patient has more than one emetic episode. Rescue medication will also be offered on demand from the patient or his parents.

Visit 3 (Investigator I): Post -PACU study visit on the ward {#Sec20}
------------------------------------------------------------

A neuro-cognitive examination (selection of tests of the ANT-battery designed for this study) will be performed 1 to 2 h after discharge from the PACU by investigator I.

Visit 4 (Investigator I): Study end visit: The morning (12--24 h) following the procedure {#Sec21}
-----------------------------------------------------------------------------------------

On the morning following the cardiac catheterization, investigator I will perform a routine clinical examination, including the assessment of heart rate and blood pressure, an electrocardiogram and a final neuro-cognitive examination (tasks of the ANT battery as mentioned above). There will also be a last assessment of the incidence of PONV and (S)AE.

Visit 5 (investigator I): Follow-up visit after 1 year {#Sec22}
------------------------------------------------------

Neuro-cognitive examination (selection of tests of the ANT-battery designed for this study) will be repeated by investigator I one year after the cardiac catheterization and the parents will be asked to complete the BRIEF and CBCL questionnaire. This evaluation will take place in our institution at a routine follow-up with the paediatric cardiologist after one year, or if the child is not in follow-up in our institution anymore, an appointment will be made to visit the child at home.

Data processing {#Sec23}
---------------

Intraoperative data are recorded manually in 5 min intervals on specific case record forms (CRF). BIS-values will be electronically recorded every second. In addition, important pre- and postoperative data will be manually documented during the pre-specified visits on CRF's.

Statistical tests {#Sec24}
-----------------

An investigator or a study nurse will review completed CRFs for completeness and correctness before digitalization and statistical analysis. At this time point, missing data will be identified, if possible drawn from source data and filled into the CRFs. Missing data not being found in the source data will not be expected. In any case, data will be analysed according to the Intention-To-Treat principle.

All collected data will be analysed using descriptive statistics. After testing for normal distribution, primary and secondary outcome parameters will be compared between the two groups using appropriate comparative statistical methods.

A *P* \<0.05 will be considered to indicate statistical significance in all employed tests.

Any deviations from the original statistical plan will be described and justified in the protocol and in the final report.

Discussion {#Sec25}
==========

Children undergoing diagnostic or interventional cardiac catheterization are a vulnerable patient population that is at particular risk for intra-procedural haemodynamic instability. The ideal anaesthetic for these children should ensure excellent haemodynamic stability, without compromising oxygen delivery. Moreover it should maintain baseline haemodynamics to allow the assessment of intra-cardiac, systemic and pulmonary haemodynamics that are reflecting 'true' conditions, not affected by side effects of anaesthetics.

Xenon provides remarkable haemodynamic stability and potentially has cardio- and neuroprotective properties. Unfortunately, evidence is scarce on the use of xenon in the paediatric population. Our pilot study will provide data about the feasibility of xenon anaesthesia in children undergoing cardiac catheterization and will therefore deliver important data required to prospect larger clinical trials. We will focus on children age ≥4 years to enable reliable neuro-cognitive testing.

Benefits for the participating patients {#Sec26}
---------------------------------------

There is no guarantee that a combination of xenon and sevoflurane, instead of standard treatment with sevoflurane alone, will provide any medical advantage to the participant.

Safety issues {#Sec27}
-------------

The interventional treatment will be administered to patients with standard haemodynamic monitoring in the setting of a fully equipped cardiac catheterization room. This enables immediate detection and treatment of adverse events. Xenon inhalation will immediately be stopped in case the study patient shows a life-threatening deterioration. Also, after leaving the intervention room, all patients will be closely monitored by the study team for the occurrence of eventual (S)AE's, first on the PACU and later on the normal ward. Moreover, the inclusion of each individual patient into the study is indicated in the electronic hospital information system and hence visible to all physicians and nurses involved in the care of this patient. This facilitates reporting of (S)AE's to the principal investigator.

Moreover, study data will be regularly checked for safety by an independent clinical paediatric cardiologist who is not involved in the course of this clinical trial.

Trial status {#Sec28}
============

Patient recruitment will start in December 2014. The predicted study completion date is September 2016.
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